It has been suggested that merging plays an important role in the formation and the evolution of elliptical galaxies. While gas dissipation by star formation is believed to steepen metallicity and color gradients of the merger products, mixing of stars through dissipation-less merging (dry merging) is believed to flatten them. In order to understand the past merging history of elliptical galaxies, we studied the optical-near infrared (NIR) color gradients of 204 elliptical galaxies. These galaxies are selected from the overlap region of the Sloan Digital Sky Survey (SDSS) Stripe 82 and the UKIRT Infrared Deep Sky Survey (UKIDSS) Large Area Survey (LAS). The use of the optical and the NIR data (g, r, and K) provides large wavelength baselines, and breaks the age-metallicity degeneracy, allowing us to derive age and metallicity gradients. The use of the deep SDSS Stripe 82 images make it possible for us to examine how the color/age/metallicity gradients are related to merging features. We find that the optical-NIR color and the age/metallicity gradients of elliptical galaxies with tidal features are consistent with those of relaxed ellipticals suggesting that the two populations underwent a similar merging history on average and that mixing of stars was more or less completed before the tidal features disappear. Elliptical galaxies with dust features have steeper color gradients than the other two types, even after masking out dust features during the analysis, which can be due to a process involving wet merging. More importantly, we find that the scatter in the color/age/metallicity gradients of the relaxed and merging feature types, decreases as their luminosities (or masses) increase at M > 10 11.4 M ⊙ but stays to be large at lower luminosities. Mean metallicity gradients appear nearly constant over the explored mass range, but a possible flattening is observed at the massive end. According to our toy model that predicts how the distribution of metallicity gradients changes as a result of major dry merging, the mean metallicity gradient should flatten by 40% and its scatter become smaller by 80% per a mass doubling scale if ellipticals evolve only through major dry merger. Our result, although limited by a number statistics at the massive end, is consistent with the picture that major dry merging is an important mechanism for the evolution for ellipticals at M > 10 11.4 M ⊙ , but less important at the lower mass range.
INTRODUCTION
Elliptical galaxies are featureless, elliptical stellar systems, predominantly made with old stars. They are a prime object in the currently popular hierarchical galaxy formation models under the ΛCDM universe, since in a cold-dark matter dominated universe, galaxies grow through merging with other galaxies, and it is wellknown from simulations that merging between galaxies with comparable masses (called major merger) produce galaxies with the characteristics of ellipticals (Toomre 1977; Barnes & Hernquist 1992; Naab & Trujillo 2006) . Therefore, studying elliptical galaxies is important to test our current theoretical understanding of the galaxy formation and the evolution mechanism.
Many observational works have been performed for elliptical galaxies near and far, but our understanding on the evolution of elliptical galaxies is still far from complete. On one hand, there are pieces of observational evidence for a complex history in the evolu-tion of elliptical galaxies in support of the hierarchical merging picture. For example, very deep imaging data reveal more than 70% of elliptical galaxies with tidally disrupted features that are indicative of their past merging history (e.g., Tal et al. 2009; van Dokkum 2005; Sheen et al. 2012) . Small levels of recent star formation are found as blue cores in some ellipticals (e.g., Im et al. 2001 ; Lee et al. 2006 ) and the UV excess light (Yi et al. 2005) or as excessive MIR fluxes (Ko et al. 2009 (Ko et al. , 2012 Shim et al. 2011; Hwang et al. 2012) . These results break a simplistic view of the monolithic collapse model (Eggen et al. 1962; Larson 1974 ) that ellipticals are old galaxies with little merging nor recent star formation activities. While these observational evidence point toward the hierarchical build-up of elliptical galaxies, other properties of ellipticals do not bode well with the merger scenario. Tight scaling correlations relations are observed for early-type galaxies, such as the fundamental plane relation (e.g., Djorgovski & Davis 1987; Jun & Im 2008) , and the color-magnitude relation (Baum 1959; Visvanathan & Sandage 1977) . Also, the number density of early-type galaxies does not evolve as drastically as some of the simple hierarchical merging models have predicted (Im et al. 1999 (Im et al. , 2002 Scarlata et al. 2007 ).
The observational results that appear contradictory to each other can be reconciled by introducing dry merging in the evolution of elliptical galaxies. Dry (or dissipationless) merging is a process where two gas-poor galaxies with old stellar population merge together to create a more massive, old galaxy. Although a dissipative merging between gas-rich galaxies (wet merging) inevitably introduces scatters in various scaling relations and too many blue ellipticals, the dry merging offers a way to avoid such a situation while allowing frequent merging activities in the hierarchical merging models. This is possible since dry merging preserves the red colors of the already old pre-mergers, avoiding the introduction of additional scatters in the scaling relations arising from new star formation as is the case for wet merging. Dry merging is also gaining popularity as a possible mechanism to explain the observed rapid growth in sizes of early-type galaxies from high to low redshifts (van Dokkum et al. 2008; Trujillo et al. 2006; Daddi et al. 2005) One of interesting consequences of dry merging can be found in the radial gradient of various properties, such as the metallicity, the age, and the colors of ellipticals. It has been known that centers of low redshift elliptical galaxies are redder than their outskirts (e.g. Franx & Illingworth 1990; Peletier et al. 1990; Tamura & Ohta 2003) , and this radial change of color is called the color gradient. The color gradient is in general attributed to a gradient in metallicity although a small amount of the age gradient is known to contribute to the color gradient, where low redshift ellipticals show the higher metallicities and the younger stellar ages at the center than in the outskirt. According to line indices analysis studies, the metallicity gradients have a mean value of about −0.2 to −0.3 per a decade change in radius while the slope of the age gradient is known to be of order of −0.1 or less (Ogando et al. 2005; Spolaor et al. 2010; Kuntschner et al. 2010) . The metallicity and the age gradients can be derived from color profiles and such studies tend to implicate the metallicity gradients of order of −0.4 (La Barbera et al. 2010; Tortora & Napolitano 2012) , steeper than the spectroscopically determined metallicity gradients. The origin of the discrepancy between the spectroscopic and the photometric studies is not clear, but could be related to a difference in the explored range of radius. In the spectroscopic studies, the gradients are determined within r ef f (effective radius), while the photometric studies extend the radius coverage to a few × r ef f .
When a monolithic collapse of the proto-galactic gas creates an elliptical galaxy, star formation can occur over several generations at center using the gas that is retained by a strong gravitational potential in the central part of the galaxy. The gas is enriched by previous episodes of star formation, so stars in the central part are expected to have a high metallicity. On the other hand, the star formation truncates earlier in the outer region of an elliptical galaxy since the gas is lost easily due to a shallow gravitational potential preventing further episodes of star formation. The net result is that an elliptical would have stars with higher metallicity and a bit younger mean stellar age at the inner region than the outer region, creating the metallicity, the age, and the color gradients that are in qualitative agreement with the observed results. A similar situation is expected to occur after mergers of two gas-rich galaxies. However, according to the formation models of ellipticals through monolithic collapses of proto-galactic gas, the metallicity gradient is predicted to be quite steep, with 0.5 to 1 in the logarithmic value of metallicity per one dex change in radius (Larson 1974; Carlberg 1984; Kawata & Gibson 2003) . Simulations that implement merging activities predict that the metallicity gradient is shallower at −0.2 -−0.3 (e.g., Kobayashi 2004; Hopkins et al. 2009 ).
Dry merging modifies the above theoretical picture in the following way. When two gas-poor galaxies with a comparable mass merge ("major dry merging"), a re-distribution of stars dilute the metallicity gradient, therefore flattening it in the post-merger (e.g. White 1980; Ko & Im 2005; Di Matteo et al. 2009 ). An opposite trend is suggested to occur during minor dry merging, i.e., merging between ellipticals with very different masses (mass ratios of 5-10 to 1 or larger), where stars in a minor companion galaxy get deposited at a large distance from the center of the main premerging galaxy, avoiding stars to be mixed throughout the main galaxy, contrary to the case of major dry merging (Bernardi et al. 2011) . Observations offer somewhat mixed views about the importance of dry merging, and the results from some of such studies are presented below. Roche et al. (2010) find that color gradients of the brightest cluster galaxies (BCGs) are flatter that those of non-BCGs. They conclude that a great number of dry merging events flattened C-M relation and individual BCG. Ko & Im (2005) find color-gradients are flatter for elliptical galaxies in the cluster environment than in field, suggesting more frequent merging history in the high density environment. Spolaor et al. (2010) derived the metallicity gradients of 51 nearby early-type galaxies using their spectroscopic data and find a flattening trend in the metallicity gradients toward a large galaxy mass but with a large scatter. Their interpretation of the result is that galaxies with a few × 10 10 M ⊙ are created through wet merging, but evolved via dry merging thereafter. The increase in the scatter of the metallicity gradient is also found in other studies (e.g., Ogando et al. 2005) , and some works interpret that the increase in the scatter is suggested is caused by dry merging of objects with a variety of metallicity gradients (e.g., Di Matteo et al. 2009) . However, such an interpretation requires galaxies with steep gradients to create merger products with a large scatter, and the number of such galaxies with steep gradients should decrease as galaxies experience successive dry merging events. This will inevitably reduce the scatter in the mass-metallicity gradient relation at high mass end, which is inconsistent with the observed trend. Also, Pipino et al. (2010) show that the large dispersion can be explained under the frame work of the monolithic collapse models where various star formation efficiencies produce the difference in gradients with the most efficient star formation creating the steepest gradient.
In this paper, we will examine the color/age/metallicity gradients and their connection to dry merging, analyzing the optical and the NIR imaging data of a sample of 204 nearby elliptical galaxies that are divided into three different typesones showing no merging feature, ones with tidal-feature (as a result of merging), and ones with dust-feature. We will also present a simple model that predicts the evolution of the mass-metallicity gradient relation under major dry merging. This model will be used to interpret our result.
The use of the optical and the NIR data allows us to break the age-metallicity degeneracy that usually hampers the interpretation of colors of early-type galaxies with optical data alone (Worthey 1994; Saglia et al. 2000; Bell & de Jong 2000; Li et al. 2007) . The large wavelength baseline between the optical and the NIR are also advantageous in deriving color gradients which are known to be shallow in optical bands (Hinkley & Im 2001; La Barbera et al. 2010) . Also, NIR data, especially K-band, of an elliptical galaxy is known to be a good indicator of stellar mass, since mass-to-light ratios (M/L) in NIR are less sensitive to galaxy types or ages than in the optical (Bell & de Jong 2001; Pahre et al. 1995; Jun & Im 2008) . Here, we will use the K-band light as a mass indicator of elliptical galaxies.
Our sample will be drawn from a sample of earlytype galaxies in Kaviraj (2010) which classifies early type galaxies based on merging features. They are galaxies with very deep imaging data reaching down to the surface brightness (SB) limit of µ r ∼ 26 mag arcsec −2 , enabling us to subdivide and examine elliptical galaxies into three different types that reflect different stages of merging. The relaxed types are objects without strong merging feature. If they had undergone merging in the past, and they should have done so a long time ago (> several Gyrs). Presumably, such objects should have wellestablished gradient properties with tighter scatters. The tidal feature types are objects that underwent merging relatively recently (< several Gyrs). They may or may not share the gradient properties similar to the relaxed types, but we can expect the gradient properties to be less established than the relaxed-types with a somewhat larger scatter. Finally, the dust-feature types are objects with dust and gas, and they are suggested to be involved in a merger with a gas-rich companion (e.g. Kaviraj et al. 2012) . Therefore, such objects need to be considered separately when examining dry merging.
Throughout this paper, we adopt a concordance cosmology of Ω m = 0.3, Λ = 0.7, and H 0 = 70 km sec −1
Mpc
−1 (e.g. Im et al. 1997) , and AB system for magnitudes.
2. DATA 2.1. The Sample The elliptical galaxies that we study in this paper are selected from a catalog of nearby (z < 0.05), luminous (M r < −20.5) early-type galaxies in the SDSS Stripe 82 imaging area which is located along the celestial equator in the Southern Galactic Cap (−50
• < α < 59
• ,−1.25 • < δ < 1.25
• ; Kaviraj 2010; hereafter K10). The reason why we chose the catalog is that it accompanies images that are ∼2 magnitudes deeper than SDSS single scan images, enabling us to identify faint merging features like tidal tails for sub-classification of early-type galaxies. In K10, they classified galaxies into various morphological classes (early-type galaxies and late-type galaxies and 'Sa-like' systems which are bulge-dominated galaxies with faint spiral features) through a visual inspection of both monochromatic Stripe 82 and multicolor SDSS standard-depth image. In K10, early-type galaxies are divided further into 5 types : early-types without any merging features, early-types with tidal features, dust features, both the dust and the tidal features, and early-types that are interacting. For our study, we regrouped the early-type galaxies into three types -238 objects without merging features (relaxed type), 38 objects with tidal features (tidal-feature type) and 22 objects that exhibit dust features including cases showing both tidal and dust features (dust-feature type). We excluded the interacting types in K10 since the number of such object is small and they in general pose a challenge during the surface brightness fitting process. Overall, the "relaxed" early-types are considered as objects that experienced mergers long time ago so that their merging features disappeared. The "tidal-feature" early-types are considered as objects that experienced a dry merger or a wet merger relatively recently ( a few Gyrs ago) and the early-types with dust-lanes are considered as objects that experienced a wet merging recently. Figures 1 -3 show example images of the three types of early-type galaxies.
In the next step, we cross-matched the K10 early-type galaxies with the NIR data from UKIDSS LAS. During this process, we also excluded 18 elliptical galaxies that have bright objects in the vicinity (to an extent that they cannot be masked out) since a reliable fitting of their surface brightness profiles becomes difficult under the presence of the bright neighbors. These neighbors are foreground stars or galaxies. Example images of the early-types with bright neighbors are presented in Figure  4 (the top two panels).
A visual inspection of the K10 early-type galaxies reveal objects with disks (23% of the sample). The presence of the disk makes our color gradient analysis complicated since the stellar populations in disks may significantly differ from those in bulges. Also, objects that underwent major merging events are likely to have a non-significant disk component. Therefore, we excluded early-type galaxies with a significant disk component (which we suspect mostly are S0's or S0a's). This is done by matching the K10 early-type galaxies with those in a catalog created by Simard et al. (2011) which provides the bulge to total light ratio (B/T ) of SDSS galaxies from a 2-dimensional surface brightness fitting using GIM2D (Simard et al. 1999) . In general, elliptical galaxies have B/T 0.5 in the optical wavelengths longer than 0.4 micron (e.g. Im et al. 2002; Simien & de Vaucouleurs 1986 ), therefore we select early-types with B/T 0.5, and call them "elliptical galaxies". Most of the K10 early-type galaxies are found in the catalog of Simard et al. (2011) , but some were not, because they are too bright and extended for the automated GIM2D pipeline to handle them properly. For such early-types that are not in the catalog of Simard et al. (2011) , we performed a 2-dimensional surface brightness fitting using GALFIT (Peng et al. 2010) , and rejected those with B/T < 0.5 (5 such cases; see § 3.1). See Figure 5 for disky early-types rejected by this procedure.
After the rejection of the disky early-type galaxies, 206 "elliptical" galaxies remain in the K10-LAS matched sample. Additionally 2 elliptical galaxies are excluded from the sample since they are too small (the outer boundary for the color gradient range is smaller than ∼ 7 arcsec) for deriving reliable color gradients. Images of these small early-types are given in Figure 4 (the bottom two panels). Finally, we have 162 relaxed, 32 tidalfeature and 10 dust-feature type elliptical galaxies in the final sample for our analysis as indicated in Table 1 .
Optical and NIR Data
We used the SDSS Stripe 82 imaging data for the study of optical properties. The Stripe 82 data are taken from the SDSS Data Release 7 (Abazajian et al. 2009) . A co-addition of about 50 SDSS single scans provides ugriz images ∼2 mags deeper (SB limits of µ r ∼ 26 mag arcsec −2 ) than the main SDSS images of individual scan. The g-band and r-band images were downloaded from the SDSS Data Archive Server (DAS), and they were used to derive surface brightness profiles. We find that the optical band seeing is not uniform with the range of 1.0 -1.5
′′ . This point will become important when deriving optical-NIR color gradient as we shall describe later. The pixel scale of the SDSS images is 0.3961
′′
For the NIR images, we used the Data Release 8 of UKIDSS LAS (Lawrence et al. 2007 ). Most but not all of the SDSS Stripe 82 region was covered (−25
• , −1.25
The depth of the UKIDSS LAS data is shallower than the SDSS Stripe 82 data (SB limit is µ K ≃ 20 mag arcsec −2 ), so the fitting range for an optical-NIR color gradient is limited by the NIR data. We limited ourselves to the use of only K-band data, since K-band provides the maximal wavelength baseline in conjunction with the optical bands, and the use of J or H-bands appear redundant for the stellar population analysis (e.g. Gil de Paz & Madore 2002) . Although inclusion of more passbands, especially those in UV, is likely to improve the analysis, we limit ourselves to the use of g, r, and K-band data for simplicity here. The K-band images of our sample galaxies are downloaded from the WFCAM science archive 3 . The pixel size of an LAS image is 0.4 ′′ , comparable to but a bit larger than the pixel size of the SDSS images.
ANALYSIS

Surface Brightness Profile
In order to investigate color/age/metallicity gradients, we derived SB profiles of each elliptical in g, r, and K (see Figure 1 -5). The first step in the SB profile fitting is to estimate a proper background, and to subtract it from the images. This is because, in the outer parts of galaxies where the sky noise is dominant, SB can change substantially depending on the value of the sky background. Therefore, the background subtraction is very important in the analysis of color gradients and the derivation of SB at the outer region of galaxies. Both the SDSS Stripe 82 and the UKIDSS LAS data offer sky background estimates in each image, however we find that these values are only approximately accurate. Hence, we re-estimated sky background of each image with a growth curve analysis. We carried out the growth curve analysis in the following way. The initial guess of the background is obtained from sky value indicated in the FITS image header. The initial guess is subtracted from the image, and the growth curve is constructed using the IRAF EL-LIPSE task. We examined the growth curve out to ∼ 2× the isophotal radius of the object (typically, 15 -40 arcsec in radius, with isophote at 1.5-σ of the sky noise), and a small amount of background value was added or subtracted manually until the background become flat at such a radius. Through this process, we determine the sky background value to an accuracy of ∼0.03%.
After subtracting the background, we used the IRAF ELLIPSE task to fit the SB profile. We fitted the r-band images first in order to use the r-band results as a reference to compare with the other band data, because the photometric sensitivity of the r-band is highest among the SDSS filters (Gunn et al. 1998) . We fixed the center position as the position that is computed by ELLIPSE, and the position angle and the ellipticity are set free. In some cases, elliptical galaxies exhibit a twist of isophotes in position angle and ellipticity as a function of radius, therefore fixing these two parameters to single values often result in a poor fitting of the SB profile with the ELLIPSE model. We set a step size for the radial increase to be 1.5 × the previous radius of an isophote with the starting radius of 2 pixels (0.8 ′′ ). The non-linear increase of the isophotal radius allows us to match S/N of the outer isophotes to the inner ones. Once the fitting of the r-band images is done, we fitted the g-band and the K-band images using the best-fit ELLIPSE parameters from the r-band image. Since the r-band images have a slightly different pixel scale and a position angle in comparison to the K-band images (in some cases), we modified the radial steps (in pixel) and the position angle values for the K-band ELLIPSE parameters before fitting the K-band images to match those of the r-band fits. Objects in the vicinity of an elliptical galaxy were masked out by using the positional information from SExtractor (Bertin & Arnouts 1996) . Some objects that are not separated from the elliptical galaxy were masked out manually during the ELLIPSE fitting process. Also masked out were dust features in dust-feature type ellipticals. Figure 6 shows examples of the masking of the neighbor objects. Some of the dust-feature type ellipticals have more than 50% of pixels masked out when the masking was done conservatively (i.e., many pixels outside the dust features were also masked). To see if this affected the SB-fitting significantly, we varied the fraction of pixels to be masked out by decreasing it to 30% level and performing SB fittings to such images. We did not find a strong change in the derived SB profile through this exercise (See Figure 7) . Finally, SB profiles were constructed along the major axis of each ellipse. Figures 1 -5 show examples of the SB fitting, together with r-and K-band images of elliptical galaxies. The derived total K-band magnitudes and the major-axis effective radii r ef f in K and r from the fitting are presented in Table 5 .
Color Gradients
Color profiles were obtained by subtracting a SB profile in one band from a SB profile in another band. As the SDSS and the UKIDSS/LAS images have different pixel scales, we linearly interpolated isophotal radii of the Kband data in r 1/4 scale, because elliptical galaxies are known to have nearly linear SB profiles in logarithmic scale as a function of r 1/4 (de Vaucouleurs' law). Color gradient slopes were obtained by a least square fitting of a 1st order polynomial to the color profiles divided by the logarithmic radius scale in units of r ef f as given in Eqs.
(1) -(3). The mpfit of Interactive Data Language (IDL) is used for the linear fit (Markwardt 2009 ).
The effective radius in K-band, r ef f (K), was used for ∇ r−K and ∇ g−K and the r ef f (r) was used for ∇ g−r .
Magnitude errors of color profiles at each radius were taken as SB profile errors in two bands added in quadrature. The inner boundary of the fitting range was set to be 1.5 times the seeing FWHM of the image with the worse seeing, and the outer boundary is set to be the location where SB starts to drop below 1.5 times the background noise of the image with the shallower depth (see § 4.1). Note that we used SDSS images with regular depths (the depth comparable to UKIDSS LAS images) to check if the shallower depth of the UKIDSS LAS image affect the color gradient values. Through such an exercise, we confirm that limiting the fitting range to the depth of the shallower image does not introduce systematic bias in the color gradient measurements although uncertainties in the gradient values increase as a result of the loss of S/N. The error in the color gradient is the formal fitting error returned at the end of the leastsquares fitting process. Figures 9 -11 show examples of the g −r, r −K, and g −K color profiles in three different mass (luminosity) bins, together with the color gradient values. Also, we present in Figure 12 the median g − r, r − K, and g − K color profiles in three different mass (luminosity) bins, overlaid on the color gradient profiles of all the ellipticals belonging to each mass bin.
Age and Metallicity Gradients
We derived age and metallicity gradients by using a g − r and r − K color-color diagram. Figure 13 demonstrates the procedure used for deriving the age and the metallicity gradients, showing three example cases. We constructed an age-metallicity grid on the g −r and r−K diagram using a simple stellar population (SSP) model of Bruzual & Charlot (2003, hereafter BC03) , The Salpeter initial mass function (IMF) and the Padova 1994 stellar evolutionary track were used for the SSP model. To derive the age and the metallicity gradients, locations of the points on a color profile are plotted on the colorcolor diagram. By doing a bilinear interpolation on the age-metallicity grid, we derived the age and the metallicity for each radial point. Then, the age and the metallicity gradients were calculated in a similar way to the color gradients using the following equations. The errors for the age and the metallicity measurements were determined by a drawing 1-σ error box over each data point on the grid, and taking the largest/smallest age/metallicity values at corners of the error box to be the upper and lower 1-σ limits.
Finally, we discuss how the derived age/metallicity gradients can be affected by the choice of the star formation history and the IMF. For example, a small amount of star formation may make the underlying stellar population look to be younger and more metal than they really are, if they are analyzed by an SSP model (Li et al. 2007 ). Figure 14 shows the age-metallicity grid in g − r versus r − K color-color space for three models incorporating different star formation histories (exponentially decaying star formation history and a constant burst with a burst duration of 1 Gyr) and a different IMF. As shown in Figure 14 , extending the duration of the star formation activity (e.g. by adopting a longer burst period in a burst model, or τ , the exponential time scale of an exponentially decaying star formation model) would broaden the age intervals in the age-metallicity grid in the g−r direction due to an enhanced contribution of younger stars to the bluer part of the spectrum. The age-metallicity grid expands in the r − K direction too, but to a lesser extent than in g − r. On the other hand, the extended star formation activity has little effect in the metallicity grid in the color-color space. The net effect is that the extended star formation can make the age gradient substantially shallower (by a factor of a few or more in some cases) than in the analysis with the SSP model, while keeping the metallicity gradient results nearly intact.
This point is made clear in Figure 15 , where we compare the age/metallicity gradients of our ellipticals calculated from different SF history models against those from the SSP model. We find that the average of the age gradient flattens by 50% going from the SSP model to the exponentially decaying SF model with τ = 1 Gyr (∇ t = 0.31 to ∇ t = 0.17), much less so in the average ∇ Z values. The effect of the IMF is mild in the colorcolor grid as discussed in (Renzini 2006; Hansson et al. 2012; Mancone & Gonzalez 2012) . A bottom-heavy IMF (van Dokkum & Conroy 2010 would deform the color-color grid with respect to the Salpeter IMF prediction, but by a very small amount (< 0.1 mag in color) since low mass stars have little contribution to the integrated light of elliptical galaxies. An example is given in Figure 15 for the Chabrier IMF (Chabrier 2003) , showing a non-significant change in the gradient values. Therefore, we consider that the effect of the IMF is negligible in the analysis of the age/metallicity gradient. Figures  16 -18 show examples of age and metallicity profiles in three different mass (luminosity) bins, together with the gradient values. Figure 19 shows the marginal distributions of color gradients of different types of elliptical galaxies. Also, Table  2 summarizes the median color gradients of each type of elliptical galaxies. The overall median color gradient steepens from ∇ g−r = −0.06 to ∇ g−K = −0.33 as we increase the wavelength base line as we expected. The overall color gradients are in good agreement with previous measurements made by La Barbera et al. (2010) .
COLOR, METALLICITY, AND AGE GRADIENTS
Color Gradient
Among different types of ellipticals, the color gradient median values are very similar between the relaxed ellipticals and the tidal-feature ellipticals. A K-S test of the color gradient distribution confirms that the relaxed types and the tidal feature types share a nearly identical distribution of color gradients in all the three colors (Table 3). This is similar to the result of Kim et al. (2012) who find no strong distinctions between the fundamental planes of relaxed and tidal feature ellipticals. On the other hand, the median color gradient of the dustfeature type ellipticals is markedly steeper than the other two types by twice to three times (Table 2) . A K-S test gives less than 5 % probability that the color gradient distributions of the dust-feature ellipticals and the relaxed ellipticals are identical ( Table 3 ). Note that we masked out the dust-features when fitting the SB profiles of the dust-feature ellipticals, in order to minimize the dust extinction affecting color gradient measurements. Therefore, we suggest that a difference in the formation and the evolution process is the origin for the discrepancy, rather than the dust extinction.
The fact that the relaxed type ellipticals and the tidalfeature type ellipticals share a similar color gradient distribution means that they share a similar merging history. The steep color gradient in the dust-feature types is in agreement with the expected steep color gradient from a monolithic collapse or a dissipative major merger with a high star formation efficiency. Therefore, we suspect that the dust-feature type ellipticals are the products of merging between gas-rich galaxies where the remaining gas producing the dust features.
In Figure 20 , we present the K-band absolute magnitude (M K ) versus the color gradients in three different colors. Since M K is closely related to the stellar mass (M * ), we also mark the stellar mass on the x-axis, where the stellar mass is computed assuming a mass-to-light ratio of 1. For a K-band mass-to-light ratio of 1, the absolute magnitudes of M K = −22 and −23 mags correspond to the stellar mass of 10 10.88 and 10 11.28 M ⊙ respectively (Drory et al. 2004) . Different types of elliptical galaxies are plotted with different symbols, and the median, the error of the median, and the rms dispersion of the color gradients are indicated at each absolute magnitude bin, allowing us to understand how the color gradient changes as a function of the absolute magnitudes (or the stellar masses). At the bottom of each figure, we indicate median errors in the color gradient measurements.
If dry merging mixes up stellar population in each galaxy, a naive expectation is that the color gradients become shallower and the dispersion becomes smaller toward the brighter magnitude. However, Figure 20 shows that the median values of the color gradients are nearly constant as a function of absolute magnitude, somewhat in contrary to the naive expectation (possibly with an exception at the brightest end). On the other hand, the dispersion of the color gradients appears to decrease at the brighter end, consistent with the expectation. A similar trend is evident in Figure 12 too. However, the steady decrease in the scatter is illusionary and reflects the larger measurement errors as discussed below.
To examine this trend more closely, we plot the intrinsic scatter of the color gradients as a function of K-band absolute magnitude in Figure 21 . Note that the measurement errors add noises to the intrinsic scatter, therefore we subtracted the contribution of the measurement errors from the observed scatter to obtain the intrinsic scatter as described below. Note that the subtraction of the measurement errors is more important at the faint end than at the bright end since faint objects have large color gradient errors due to the lack of data points to fit for their SB. We assumed that the color gradients are distributed in Gaussian with its mean value equal to the measured median value of the color gradient with a certain intrinsic dispersion. Then, we constructed the measurement error distribution for actual measurement errors. We took a median value of the measurement errors (at each absolute magnitude bin), and subtracted it from the observed rms scatter to obtain an initial guess for the intrinsic scatter. In the next step, we randomly picked color gradients from the normal distribution of the color gradients, assigning measurement errors to each value by randomly picking a measurement error from the measurement error distribution that we constructed earlier. The median value and the rms scatter are computed from this simulated set of color gradients. The rms scatter was compared with the observed rms scatter, and the value of the intrinsic scatter was adjusted if the rms scatter from the simulation does not match the observed rms scatter. Finally, after iterations of the above process, we determined the intrinsic scatter to be the intrinsic scatter in the simulation where the rms scatter of the simulation is identical to the observed rms scatter.
Error of the intrinsic scatter of color gradients, σ x , was estimated by propagating the color gradient measurement errors in the following way. Here, x is the intrinsic scatter, N is the number of galaxies in a certain magnitude bin, a i is the color gradient value of the i'th galaxy, σ ai is the measurement error of the color gradient of the i'th galaxy, and µ is the average of the color gradients. The values of the scatters are presented in Table 4 and shown in Figure 21 . Although the estimates of the error values are mathematically sound, we caution that the the error estimates do not include potential systematic effects discussed in Section 3.3, and may be under-or over-estimated due to small number statistics in some of the bins.
In Figure 21 , we find that the steady decrease of the rms scatter toward the massive end disappears for the optical-NIR color gradients when the intrinsic scatter is considered. The decrease in the intrinsic scatter is only visible at the most massive end at a few σ level. The implication of the result will be discussed later, in relation to the merging activity ( §5).
Age and Metallicity Gradients
Our analysis ( § 3.3) allows us to derive age and metallicity gradients. The results of the age and the metallicity gradient are described in this section. Figure 22 shows the marginal distribution of the age and the metallicity gradients. As was the case for the color gradients, the relaxed type ellipticals and the tidalfeature type ellipticals share a nearly identical distribution, with a positive age gradient (∇ t ≃ 0.2) and a negative metallicity gradient (∇ Z ≃ −0.4). The dust-feature type ellipticals have small age gradients (except for two outliers), and significantly steep metallicity gradients of ∇ Z ≃ −0.8. The very steep metallicity gradient of dustfeature type ellipticals supports the idea that they are the products of wet merging events.
The derived mean ∇ Z is steeper than ∇ Z values derived from studies that are based on the line indices (∇ Z ∼ −0.2 -−0.3; Ogando et al. 2005; Spolaor et al. 2010; Rawle et al. 2010; Sánchez-Blázquez et al. 2007; citealtani07) , but is in agreement with the values in La Barbera et al. (2010) and Tortora & Napolitano (2012) that are based on color profile analysis like our study. The origin of the discrepancy is unclear although a slightly positive age gradient in the color gradient analysis steepens the metallicity gradient but not to the extent that it resolves the difference. The line indices analysis that derive the flatter ∇ Z assume ∇ t = 0 or find null ∇ t . While the line indices studies are limited at r < r ef f , the color gradient studies are done out to a few × r ef f , so this may be the cause of the discrepancy.
The absolute values of the gradients are quantities that are subject to the analysis methods (e.g., the adopted stellar population synthesis models, see Li et al. 2007 ) so that we caution readers not to pay too much attention to the absolute values but concentrating on the relative changes in the gradients.
In Figure 23 , we show the M K versus the age and the metallicity gradients. With the thick points, we indicate the median ∇ t and ∇ Z values and their errors. On these points, the thin error bars show the rms dispersion. The thick error bars represent the errors of the median, which are derived by dividing the rms dispersion by √ N where N is the number of objects in the corresponding bin. Like the color gradients, the age and the metallicity gradients do not show a significant change as a function of M K . One exception is the brightest bin (corresponding to the stellar mass of ∼ 5 × 10 11 M ⊙ ) where both ∇ t and ∇ Z start to flatten. However this trend at the brightest bin should be taken with a caution since only six objects are included in the bin.
Just like the color gradients, this result is consistent with a similar analysis performed by La Barbera et al. (2010) . On the other hand, La Barbera et al. (2010) do not show a result at the very massive end of ∼ 5 × 10 11 M ⊙ , so the flattening of the age and the metallicity gradients at the brightest bin is not noticed in their work. The flattening of the age and the metallicity gradients at the brightest end is interesting since this is exactly what is expected if these ellipticals underwent frequent dry merging. Obviously, more number statistics at the bright end is desired to make a stronger case for this.
Similarly to the color gradients, the scatters in the age and the color gradients appear to decrease at the brightest magnitude bin. As a closer examination of this trend, we show in Figure 24 and Table 4 the intrinsic scatter of the age and the metallicity gradients as a function of the absolute magnitude. The intrinsic scatter in these gradients are obtained in an iterative process identical to the method we employed for the intrinsic scatter of color gradients (see the previous subsection). Errors of the intrinsic scatters are estimated using Eqs. (6) - (8), but here replacing the color gradients with ∇ t or ∇ Z .
The derived intrinsic rms scatter is about 0.3 at a lower mass range of 10 10.7 M ⊙ < M < 10 11.4 M ⊙ , which is roughly in agreement with the scatter found in Ogando et al. (2005) at a similar mass range. Like the scatters of color gradients, the scatters of these quantities stay nearly constant out to M K ∼ −23.40 or M ∼ 10 11.4 M ⊙ , but decreases at the most massive end by nearly a factor of two per a factor of two change in mass (or luminosity). The reduction in the scatter is dominated by the relaxed and the tidal-feature type ellipticals. On the other hand, the reduction in the scatter is inversed for the tidal-feature type ellipticals, although the larger errors in the scatter (due to the smaller number of galaxies available) for these types of objects make it difficult to draw a firm conclusion.
Overall, the two evidences -the possible flattening of the age and the metallicity gradients and the decrease in the scatter of these gradients at the most massive end -are in agreement with the expectation of what would happen under dry merging, and this point will be discussed in more detail below.
IMPLICATION ON DRY MERGING
Model
In the previous section, we saw that the scatters in the color/age/metallicity gradients decrease at the brightest M K . Here, we present a simple model that calculates how the metallicity gradient would change as a function of absolute magnitude and mass if major dry merging is the dominant mechanism for the growth of elliptical galaxies at the massive end.
To do so, we use a simulation result from Di Matteo et al. (2009) where they perform simulations of major dry merging of elliptical galaxies with various initial conditions, and present the metallicity gradients of pre-mergers and merger products. Borrowing their results, we establish a relation between the average metallicity gradients of two galaxies before merging, and the metallicity gradient of the merger product (Figure 25 ). We find that there is a good correlation between the average of the metallicity gradients of pre-merging galaxies ([∇ Z (gal1) + ∇ Z (gal2)]/2) and the metallicity gradient of the merger product (∇ Z (merger)) as
The relation shows that the metallicity gradient flattens on average when two galaxies merge, with the resulting ∇ Z being about 60 % of the average value of the ∇ Z 's of the two pre-merging galaxies. The correlation is reasonably tight, with the largest rms dispersion of 0.03 in ∇ Z (merger). This dispersion is sufficiently smaller than the reduction in the metallicity gradient value (which is order of 0.1), therefore we ignore the dispersion in Eq. (9) in the following discussion.
Two consequences are expected from Eq. (9). One is that the metallicity gradient flattens gradually as the masses of ellipticals increase in a dry merging dominated evolution. Roughly speaking, there should be a decrease in the metallicity gradient by a factor of 0.55, over a mass doubling scale (0.3 dex in log(M)). Another consequence is the decrease of the scatter in the color and the stellar population gradients at a high mass end. Suppose that we have a variety of the stellar population gradients for pre-merging ellipticals. If we randomly merge galaxies with different metallicity gradients, the merging averages the metallicity gradient values and remove galaxies with extreme metallicity gradients. Since the merger product will be more massive than each of its predecessors, we expect that the major dry merging would reduce the scatter in the color gradients at high mass end.
To see how the mean ∇ Z and its intrinsic scatter would evolve under dry merging, we performed a simple simulation. Here, we assumed an initial distribution of ∇ Z in Gaussian with its mean value at ∇ Z = −0.4 and the intrinsic scatter at σ ∇Z = 0.3. These values correspond roughly to the observed mean ∇ Z and its scatter at M = 10 10.9 M ⊙ . We assume that a certain fraction, f merg , of galaxies in a mass bin underwent dry merging. This free parameter f merg will control the amount of change in the mean metallicity gradient and its scatter. Figure 26 shows the result of this simulation. The metallicity gradient and its scatter change the most when f merg is the largest. At f merg = 1, the mean metallicity gradient and its scatter changes by a factor of 0.6 and 0.4 respectively, per each mass doubling. We find that this trend is independent of the initial mean ∇ Z and σ ∇Z values.
Based on the simulation, we derive the following relations at f merg = 1:
and ∆ log(σ ∇Z ) = −1.3∆ log(M).
Here, ∆ log( ∇ Z ), ∆ log(σ ∇Z ), and ∆ log(M) are the logarithmic changes in the mean metallicity gradient, the intrinsic scatter of the metallicity gradient, and the stellar mass, respectively.
The above relations show that the change in σ ∇Z is more prominent than the change in ∇ Z as a result of dry merging by a factor of two.
Is Major Dry Merging Important?
With the theoretical expectations from major dry merging at hand, we now proceed to interpret our observational results about ∇ Z . Figure 27 shows the comparison of the observed change in ∇ Z and σ ∇Z with a model prediction. In the figure, the error in σ ∇Z is estimated in the same way as the errors in the scatter of the color gradient values as described in Section 4.2 and using Eq. (8). The model plot assumes no major dry merging at M < 10 11.3 M ⊙ , f merg = 0.3 at M = 10 11.4 M ⊙ , and f merg = 0.9 at M = 10 11.6 M ⊙ . As we have shown earlier, the reduction in σ ∇Z is observed at the massive end (> 10 11.4 M ⊙ ). The major dry merging can provide an explanation for this result. The observed reduction in the scatter is about 0.1 over the mass increase of 0.4 dex, and according to Figure 26 , this can be achieved by assuming that 70 -100 % of ellipticals at the higher mass bin have experienced major dry merging while the rest went through the formation mechanisms similar to those at the lower mass bins (i.e., they possess similar ∇ Z and ∇ t distributions to those at the lower mass bin). The possible formation and the evolution mechanisms at the lower mass bin include the wet merging, the minor merging, and the monolithic collapse (see discussions below). According to our model, this amount of major dry merging needs to flatten ∇ Z by 0.15 over a mass doubling scale. This value is rather small compared to the change in the scatter, but should be detectable with a sufficient number of objects. At the moment, we find such a trend, but with a rather large error bar. In comparison to other works, our results are in agreement with Roche et al. (2010) where they find a reduced scatter in color gradients of BCGs. Also note that some other studies report a flattening of the metallicity gradient at the massive end (e.g., Spolaor et al. 2010 ).
While we find a supporting evidence for major dry merging at the high mass end, major dry merging is probably not a main mechanism driving the evolution of lower mass ellipticals with M < 10 11.4 M ⊙ . Between M = 10 10.7 M ⊙ and M = 10 11.4 M ⊙ , the σ ∇Z values stay nearly constant. The same trend is true for the color and the age gradients. Clearly, the trend is not consistent with the expectation from the major dry merging model we presented in this paper. In order to explain the null change in the metallicity gradients, f merg should be less than ∼ 20%. The effect of major dry merging seems negligible in the evolution of ellipticals at this mass range. The origin of the large scatter in ∇ Z at this mass range is unclear, although there are plenty of possibilities responsible for the dispersion. Minor dry merging could steepen the metallicity gradient, rather then flattening it, by distributing the merged stellar remnants in the outer region not the inner region (Bernardi et al. 2011) . Dissipative collapse could create a variety of gradients depending on the star formation efficiencies how the gravitational potential is shaped for each object (Pipino et al. 2010) . Minor merging with a gas-rich galaxy could place younger generation stars at central or outer regions, making galaxies blue at certain areas and complicating the analysis of the result (e.g., Im et al. 2001 ).
SUMMARY
We examined the color, the age, and the metallicity gradients of of 204 nearby (z < 0.05), massive (M r < 20.5 mag, or M > 10 10.6 M ⊙ ) elliptical galaxies (earlytype galaxies with B/T > 0.5), divided into three morphological types -the relaxed, the tidal-feature, and the dust-feature types. The subdivision of elliptical galaxies was possible by using the SDSS Stripe 82 images which goes about 2 mag deeper than regular SDSS im-ages, and the derivation of the age and the metallicity gradients was done by adding K-band data of the UKIDSS LAS to the SDSS data which enabled us to break the age-metallicity degeneracy. No significant difference is found between relaxed and tidal-feature types in the gradient properties. However, the dust-feature type ellipticals have steeper color gradients which seem to originate from wet merging rather than the dust extinction effect. The gradient values of elliptical galaxies are found to be nearly constant over the explored mass range, but we find that the intrinsic scatter of ∇ Z decreases at M > 10 11.4 M ⊙ by about 0.1. To interpret our results, we constructed a simple model that describes changes in ∇ Z and σ ∇Z as a function of mass under major dry merging. The model predicts that the mean ∇ Z flattens, and σ ∇Z decreases as mass of an elliptical galaxy doubles as a result of major dry merging.
From the analysis of the change in ∇ Z and its scatter, we draw the following conclusions, with a caveat that the result is based on a rather small number of objects at the massive end (∼ 10). First, the observed reduction in the intrinsic scatter in the M versus ∇ Z relation supports the idea that major dry merging has acted on a significant number of ellipticals at the very massive end (M ∼ 10 11.6 M ⊙ ). Second, if the reduction of the scatter in ∇ Z is indeed caused by major dry mergers, ∇ Z should flatten at the higher mass. The result from our analysis of the SDSS/UKIDSS-LAS ellipticals is consistent with this scenario at the massive end, but not conclusive. Third, at the lower mass regime (M < 10 11.4 M ⊙ ), the major dry merging does not appear to be the dominant process in the evolution of ellipticals. At such a mass range, the mean ∇ Z is nearly constant, and the scatter in the M * versus ∇ Z relation is large and nearly constant (∼ 0.4) too, implying that various physical mechanisms are responsible for the large scatter. Fig. 1. -Examples of the relaxed elliptical galaxies in r-band (left), in K-band (middle) and their surface brightness profiles in g, r and K-bands (right). The scale bar and B/T in the images represent 10 arcsec and bulge to total light ratios. The vertical solid lines and the dashed lines in the plot are the inner and the outer radii for deriving r − K and g − K color gradients. The vertical dotted line means the outer boundary for the g − r color gradient fit. The ellipses in the K-band images indicate the outer boundary for the analysis of color profiles for the K-band. The ID on top of the SB profile figures indicate the ID of the objects in Kaviraj (2010) as indicated in Table 5 . (Chabrier IMF) , and different star formation histories (an exponentially decaying SFR with τ = 1 Gyr, and a single burst model with 1 Gyr burst duration). We find that the age gradient become shallower when an extended star formation is added, but the change in the metallicity gradient values is negligible. We can see that the relaxed types and the tidal-feature types share a similar distribution, but the dust-feature types have steeper gradients than the other two, similar to the result we find for the color gradients. Figure 21 but for the age and the metallicity gradients. Like the intrinsic scatters of the color gradients, the relaxed and the tidal-feature types show a reduced scatter at higher mass which can be interpreted as a consequence due major dry merging. where 30% and 90% of ellipticals were assumed to be created via dry merger at the two most massive bins (11.4 and 11.6, correspondingly) . Note that a possible flattening of the metallicity gradient and the decrease in its scatter in the observed data, which can be explained by a significant amount of dry merging at Mstar > 11.4 M ⊙ . 
TABLE 3 K-S Test between Gradients of Different Types of Ellipticals
Types ∇ g−r ∇ r−K ∇ g−K ∇t ∇ Z Relaxedb r ef f,K c ∇ g−r d ∇ r−K e ∇ g−K f ∇t g ∇ Z h M K i M * j B/T kKID a redshift r ef f,r b r ef f,K c ∇ g−r d ∇ r−K e ∇ g−K f ∇t g ∇ Z h M K i M * j B/KID a redshift r ef f,r b r ef f,K c ∇ g−r d ∇ r−K e ∇ g−K f ∇t g ∇ Z h M K i M * j B/
